GANG WU, RODERICK E. WASYLISHEN, WILLIAM P. POWER, and GRAZLANO BACCOLINI. Can. J. Chem. 70, 1229Chem. 70, (1992. Phosphorus-31 NMR static powder spectra and high-resolution magic angle spinnlng spectra have been obtained for a new heterocyclic compound, cis-2,10-dimethyl[l,2,3]benzothiad~phospholo[2,3b][1,2,3]benzothiadiphosphole (I), which contains a P(II1)-P(II1) single bond. The homonuclear 3 1~-3 '~ dipolar interaction manifests itself in both the magic angle spinning spectra and the non-spinning llne shape. Under the AX spin pair approximation, analysis of the spinning sidebands in the MAS experiment yields a full characterization of the two 3 1~ chemical shielding tensors. This approxlmation is confirmed by the exact powder line shape simulation for a homonuclear spin pair. Analysis of the dipolar subspectra also yields the absolute sign of 'J(P,P), which is found to be negative. 
Introduction
A new heterocyclic system containing a P(II1) (1) , has recently been synthesized by the reaction of methyl p-tolyl sulphide with PCl, and AlCl, (1, 2) . Based upon 1 , a highly stereospecific phosphorus-carbon exchange process has been developed (3, 4) . The "butterfly" arrangement of 1 forces the phosphorus electron lone pairs to adopt an eclipsed conformation. Because this conformation is unusual for a molecule containing a P(LU)-P(LU) single bond, we thought that it would be of interest to characterize the magnetic shielding tensor of each of the two phosphorus centres in 1 , where P6 and P12 (the IUPAC nomenclature) are renumbered as P1 and P2 for convenience. The technique used in I this study is dipolar/chemical shift NMR spectroscopy and in the case of 1 it involves a study of the ,'P NMR spectrum of a solid powder sample with and without magic angle '~u t h o r to whom correspondence may be addressed.
spinning (MAS). Although this technique has been widely
used to study isolated spin pairs (3, there have been few reports dealing with 3 '~-3 '~ spin pairs (6) (7) (8) (9) and, to our knowledge, a full characterization of the ,'P chemical shielding (CS) tensor in a compound containing a P(II1)-P(II1) single bond has not appeared. In addition to obtaining information about the "P shielding tensors of 1 , we were interested in determining whether or not the solidstate 3 1~ NMR spectrum of 1 could be successfully analyzed as an AX spin system. Here we discuss the criterion that permits a homonuclear two-spin solid-state spectrum to be analyzed as an AX spectrum.
Theory

1
In the solid state the NMR spectrum of an isolated spin-, nucleus is dominated by the orientation dependence of the chemical shift. The NMR spectrum of such a powder sample permits one to directly determine the three principal components of the shielding tensor. However, in general, information concerning the orientation of the shielding tensor is unavailable from the powqer spectrum. If the isolated spin is adjacent to another spin-, nucleus, then the spectrum is modified by the direct dipolar coupling and the indirect spin-spin "J" coupling interactions. The direct dipolar interaction is also dependent upon the orientation of the internuclear dipolar vector in the magnetic field and, in principle, provides a reference frame for fixing the orientation of the shielding tensor. Because the dipolar interaction is axially Can. J. Chem. Downloaded from www.nrcresearchpress.com by Queens University on 11/07/15
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symmetric, the orientation of the shielding tensor cannot in general be completely determined from a dipolar/chemical shift NMR powder spectrum. In the discussion which follows we present a general discussion of the dipolar/chemical shift NMR spectrum of an isolated homonuclear spin pair. In particular, w e will begin by describing the general NMR spectrum of a spin pair where the chemical shift difference between the two nuclei, A and X, is always much greater than both the J and the dipolar coupling between them at all orientations. In general, the static dipolar/chemical shift NMR spectrum of the homonuclear AX system consists of two dipolar subspectra for each nucleus. Each dipolar subspectrum has the same line shape as that well known for an isolated nucleus with anisotropic chemical shift, and can be characterized by three principal components of an effective dipolar/chemical shift tensor.
It is quite common that one principal axis of the chemical shift tensor is perpendicular to the dipolar vector (internuclear vector) in a dipolar coupled spin pair (10) (11) (12) (13) (14) (15) (16) . If we assume that one principal component, v,,, of the CS tensor at one nucleus is perpendicular to the dipolar vector, matrix elements of the effective dipolar/chemical shift tensor T at this nucleus in the AX spin system are given by eq. [ l ] (10, 1 I):
[ l e ] T i = T j i = T , , = T , , = O where i, j, k = 1, 2, 3, and cyclic permutations, 0 is the angle between u, , of the CS tensor and the dipolar vector, while m = + f and -: correspond to the two dipolar subspectra. R,,, is the effective dipolar coupling constant and J,, is the isotropic indirect spin-spin coupling constant. The effective dipolar coupling constant can be written:
where (R,,) = (p,/4.rr)y,'(fi/2n)(rpp-3) is the dipolar coupling constant in frequency units, and AJ = JII -J, is the anisotropy in the indirect spin-spin interaction; Jli and J, refer to components parallel and perpendicular to the internuclear vector, respectively. Equation [2] is based upon the assumption that the indirect spin-spin interaction J tensor is axially symmetric with the unique axis along the internuclear dipolar vector. The angular brackets in eq. [2] indicate that both RDD and AJ are subject to motional averaging (1 1, 17) .
The matrix of eq.
[ I ] can be diagonalized and the three principal values of each subspectra are given by eq. [ 3 ] , -6m (v,, -u,,)R,,., cos 20 + 9 m 2~, ,~] " ' When Iv, , -v,,l S one can neglect the off-diagonal elements in eq.
[ l ] and obtain the three principal values of the effective dipolar/chemical shift tensor T to a zeroth order approximation
It is readily seen from eqs. [3] and [4] that the isotropic positions of the two effective dipolar/chemical shift tensors at each nucleus occur at vi,, :J,~,, respectively. Therefore, two J-coupled doublets will be observed for a homonuclear AX spin pair under the MAS condition. From the intensity distribution of the spinning sidebands, effective dipolar/chemical shift tensors can be recovered (18, 19) and the effective dipolar coupling constant and the relative orientation of the chemical shift tensors in the molecular frame can be deduced. One important general feature of the dipolar subspectra is that the difference between effective tensor components at the direction perpendicular to the dipolar vector gives direct information on the effective dipolar coupling constant, since AT, = T' -T, = R,,, + I,,. The positive and negative superscripts refer to the sign of the spin quantum number m.
Experimental
Synthesis of the new heterocyclic compound 1 was reported previously ( 1 , 2) . Phosphorus-3 I NMR spectra were obtained on a Bruker MSL-200 NMR spectrometer (Bo = 4.70 T) operating at 81.033 MHz. A fine white powder sample of 1 was packed into a aluminum oxide rotor. All spectra were recorded at 21°C with highpower 'H decoupling during data acquisition. Cross-polarization was fulfilled under the Hartmann-Hahn match. The 90" pulse width was 4.0 ks. Typical values of the contact time were 2-5 ms and the recycle time was 10 s. MAS spinning speeds ranged from 2 to 4 kHz. The magic angle was adjusted by examining the "~r NMR signal of a KBr sample (20) .
All "P chemical shifts were referenced to 85% H,PO,(aq) by using solid NH,HZPO.,, which has a resonance at $0.81 ppm relative to 85% H3P03(aq).
Spinning sideband analysis was performed using a simplex program based upon the method of Herzfeld and Berger (19) . Typically, the relative intensities of six or seven spinning sidebands were used and three best-fit tensorial elements were obtained after a few iterations.
The static powder line shape for a homonuclear spin pair was simulated with a program written in FORTRAN-77 incorporated with the POWDER routine (21) . The simulations were based upon the exact analytical expression for a homonuclear spin pair (10) . Both the direct dipolar and indirect spin-spin interactions were taken into account. The calculated line shape was convoluted with a Gaussian line-broadening function.
Results and discussion
Analysis of MAS spectra
The slow MAS "P NMR spectrum of compound 1 with spinning speed 4.0 kHz is shown in Fig. 1 . Two isotropic doublets were found centred at 75.8 and 52.0 ppm, and were assigned to P1 and P2, respectively. The assignment of the low-field doublet to P1, the phosphorus atom attached to two sulphur atoms, was based on the 'H coupled solution 3'P Can. J. Chem. Downloaded from www.nrcresearchpress.com by Queens University on 11/07/15
For personal use only. NMR spectrum, which shows a doublet for P1 arising from 'J(PI ,P2) = 21 1.5 Hz, and a doublet of triplets for P2 due to 'J(P1 ,P2) and 'J(P2, H) = 7.8 Hz, respectively. This assignment of P1 and P2 differs from that reported in ref. 1 and ref.
2. The observation of doublets arising from 'J(P,P) coupling at each phosphorus site in the solid state 3 1~ NMR spectrum of 1 is consistent with the X-ray structure, which indicates that the triclinic unit cell contains two crystallographically equivalent molecules (1) . Both of these isotropic chemical shifts are at low frequency (upfield shift) compared with those observed in solution state, i.e., 88.3 and 65.4 ppm for P1 and P2, respectively (1) . The large number of spinning sidebands associated with each doublet in the MAS spectrum shown in Fig. 1 indicates that the chemical shift anisotropy at both phosphorus sites is large (vide infra).
The splitting of each doublet was 160 + 5 Hz, arising from the homonuclear 3 1~-3 '~ J interaction, and was confirmed by the MAS spectra at a higher field strength (Bo = 7.04 T). This splitting was independent of spinning speed at 4.70 and 7.04 T. Although the homonuclear dipolar interaction between the two adjacent phosphorus nuclei is large in this compound (ca. RDD 1770 Hz based upon the P-P bond length, rpp = 2.234 A, determined by X-ray diffraction), we did not observe any spinning-frequency-dependent splitting as previously reported in the "P NMR spectra of dipolar coupled phosphorus s in pairs in some inorganic phosphates (9, 22) that contain ' % nuclei with identical isotropic chemical shifts. It seems that such a spinning-ratedependent splitting can only be observed easily in systems where the dipolar coupled spins have the same principal components of the chemical shielding tensor but different orientations with respect to the dipolar vector.
The magnitude of the one-bond J coupling constant in 1 was substantially smaller than the typical values reported for 'J(P,P) in compounds containing two directly bonded tricoordinate phosphorus atoms, but significantly larger than those involving two five-coordinate phosphorus atoms (23, 24) . Interestingly, the J coupling constant for 1 in the solid h he plus and minus signs describe the high-and low-frequency peaks in each J-coupled doublet, respectively.
state was significantly smaller than the value observed in solution, 21 1.5 Hz (1). Since 'J(P,P) is very dependent on the local geometry at the P-P unit (24) , our observation of a smaller J in the solid state may indicate a slightly different geometric structure due to crystal packing effects. Such a change in conformation may also explain the rather large difference in solution and solid-state isotropic chemical shifts (-12 ppm). It is worth noting that a correlation between the value of IIJ(P,P)I and the 3 1~ chemical shift was reported for various tetraalkyldiphosphanes, (RIP),, with different substituents R in solution (25) . Our observation on the changes of the 'J(P,P) and 6 ( 3 '~) in compound 1 from solution state to solid state follows the same trend, which may indicate that crystal packing effects force the two "wings" of the butterfly molecule 1 to open slightly wider in the solid state.
As stated in the theory section, the dipolar interaction manifests itself in the intensity distribution of each individual J-coupled sideband pattern. In Fig. 1 spinning sidebands associated with two isotropic doublets correspond to four different powder patterns, which are the four subspectra in the dipolar spectrum of a homonuclear spin pair. From the relative intensities of these spinning sidebands, all 12 principal components of the four effective dipolar/chemical shift tensors are readily calculated using the procedure of Herzfeld and Berger (19) . Results are summarized in Table  1 . Differences between corresponding principal components due to two relevant subspectra at each 3 1~ nucleus, ATi = T+ -T ; (i = 1,2,3), are also given in Table 1 .
From the results shown in Table 1 , the anisotropy of the dipolar subspectrum, defined as (T, -T3(, is larger for the low-frequency peak of the P1 doublet than for the high-frequency one. This indicates that the absolute sign of the J coupling constant is negative (1 1). The anisotropies of the dipolar subspectra for the P2 doublet are in an opposite order, since the anisotropy is negative at P2, i.e., IT, -Tis0I > I T, -Tiso(, again confirming a negative 'J(P,P). This is in agreement with the general observations and theoretical calculations of the sign of 3 '~-3 1~ one-bond J couplings (23, 24) . The crystal structure of compound 1 indicates that, to a good approximation, the molecule has a mirror plane containing the P-P bond. As shown later, the excellent agreement between the observed powder line shape and the calculated spectrum supports this assumption. This element of molecular pseudo-symmetry requires that one of the principal axes for each of the "P shielding tensors be perpendicular to the mirror plane, and therefore perpendicular to the dipolar vector. In this case, only one angle is then required to specify the other two principal axes in the approximate mirror plane.
Given that the four subspectra contain a total of 12 effecCan. J. Chem. Downloaded from www.nrcresearchpress.com by Queens University on 11/07/15
For personal use only. % is the angle between 6,, and the dipolar vector and the estimated error is less than 25". tive principal components, we then have enough information to solve all ten remaining unknowns in this system: they are the six shielding tensorial elements for the two 3 1~ nuclei, one isotropic J coupling constant, one effective dipolar coupling constant, and two angles that specify the orientation of the dipolar vector in the principal axis system of the two 3 1~ shielding tensors.
We indicated in the theory section that the difference between effective tensor components of two subspectra along the principal direction perpendicular to the dipolar vector gives directly the sum of the effective dipolar coupling constant and the isotropic J coupling constant. From the data given in Table 1 we readily deduced that S,, of P1 and 62, of P2 are perpendicular to the molecular mirror plane respectively and that the effective dipolar coupling constant is RCff = 1459 2 162 Hz. Substituting Ti (i = 1,2,3.) listed in Table 1 and the above Re, into eq. [3] , the chemical shift tensor components and their orientations were obtained. Our calculations yield the following principal components for the chemical shift tensors: at P1, S,, = 127 ppm, S,, = 124 ppm, S3, = -24 ppm, and at P2, SIl = 192 ppm, 822 = 25 ppm, ti,, = -62 ppm. The standard errors in these values were estimated to be 2 2 ppm. Also, the calculations indicate that the angle between S2, of PI and the dipolar vector is 72" + 10" while the angle between 833 of P2 and the dipolar vector is 67" ? 10". Equation [4] was also used for the above calculation and almost identical results were obtained within experimental error, indicating that the condition of Iv,, -v,,l * Reff is valid in the present case where v,, and v,, describe the two principal components in the pseudo-mirror plane.
Analysis of the static spectrum
To examine the validity of the above calculations, i.e., to test the assumption that the 31P spin pair in 1 can be treated as a homonuclear AX spin system, we performed computer simulation of the static powder line shape for a homonuclear AB spin pair, based upon the exact solution of four transitions in such a spin system (10) . Although it is difficult to infer second-order (AB) character from magic angle spinning sidebands it should be readily apparent from static powder line shapes (10) . Data calculated from the slow MAS spectrum were used as initial input for the simulation and they were further refined by comparing the observed powder line shape with the simulated spectrum. The final best-fit parameters for two 3 1~ chemical shift tensors are given in Table  2 . The effective dipolar coupling constant was adjusted to be R,, = 1600 2 162 Hz. This observed dipolar coupling constant is somewhat smaller than expected from the X-ray bond length considerations, RDD = 1770 Hz. There are two possible reasons for such a decrease in the effective dipolar coupling constant. First, motional averaging may reduce the dipolar coupling constant. Second, there may be anisotropy in the indirect spin-spin interaction, AJ (see eq. [2] ). If no motional correction is taken into account, the anisotropy in J is 5 10 -1 486 Hz assuming that R,,, is of the same sign as RDD. Theoretical ub initio calculations of the 'J(P,P) COUpling constant in P,H, indicated that the Fermi contact mechanism is dominant for the cis conformation (26, 27) . Since the Fermi contact mechanism is isotropic, AJ is expected to be small in 1. Therefore, the deviation of Ref, from RDD is probably due to motional averaging.
It was found that the powder line-shape simulations were more sensitive to the orientation of the CS tensors than to the magnitude of the principal components. Therefore, in Table  2 all principal components are essentially the same as those obtained from the analysis of the slow MAS spectrum (except for 6,, of P2) while the orientations of the two CS tensors are modified by approximately 10".
In a general heteronuclear AX spin system, any rotation of the CS tensor about the dipolar vector will give invariant powder line shapes in the static experiment, or intensity distribution of spinning sidebands in the slow MAS experiment. However, for a homonuclear spin pair, one has to be cautious about such a statement, since the relative orientation of the two CS tensors with respect to one another may become important. Obviously, two CS tensors are fixed in an AB spin pair to give a unique powder line shape. Even in the homonuclear AX approximation, it is still possible that changing the relative orientation between two CS tensors may break down the validity of the AX approximation, at least in some directions.
Within the constraints of the molecular symmetry, we have reduced the number of possible orientations to two for each 3 1 P CS tensor. Given that the angles between S33 of the two CS tensors and the dipolar vector are known (0 in Table 2 ), there are still four possible ways to orient two CS tensors in the molecule, since both angles could be either positive or negative. All four possible orientations were put into our lineshape simulation program and a best fit is portrayed in Fig.  2 . A schematic diagram illustrating the orientations of two 31 P CS tensors determined through this work is presented in Fig. 3 . It places S3, of P1 10" away from the internuclear vector towards the electron lone pair at P1, with 62, lying almost in the S-PI-S plane. The determination of the CS tensor at P2 requires that 6,, lies in the mirror plane, being rotated by 10" from the P-P bond as indicated in Fig. 3 . Similarly, 6,, of P2 is nearly in the plane containing the C -P 2 4 fragment. Simulated dipolar subspectra at each 31 P nucleus are also shown in Fig. 2 using the same parameters given in Table 2 . The sum of the subspectra for P1 and P2 gives the powder line shape shown in Fig. 2(b) . One does not observe any AB character in these calculated dipolar subspectra indicating that two 3 '~ nuclei in 1 could be treated as an AX system at Bo = 4.70 T. One might at first expect some AB character for the homonuclear 3 1~-3 1~ spin pair in 1, since the difference between the isotropic chemical shifts of P 1 and P2, ASiso = 24 ppm (ca. 1944 Hz at Bo = 4.70 T), is comparable to the dipolar coupling constant between them, RDD = 1770 Hz. However, one should realize that the ratio between AS,, and RDD is not the correct criterion for judgCan. J. Chem. Downloaded from www.nrcresearchpress.com by Queens University on 11/07/15
FIG. 2. (a)
Experimental 31P CP NMR spectrum of a static sample of 1; (b) calculated "P NMR spectrum of 1 using the parameters in Table 2 ; ( c ) and (d) calculated dipolar subspectra for P1 and P2, respectively, using the same parameters as in (b).
FIG. 3.
A schematic diagram of the orientation of the two "P CS tensors in 1 obtained from an analysis of the 3 1~ NMR spectrum of a static powder sample. 611(P1) and 6,,(P2) are perpendicular to the approximate mirror plane of the molecule.
ing whether a dipolar coupled spin pair should be analyzed as an A?, AB, or AX spin system. Because of the tensorial nature of chemical shifts in solids, one has to consider the relative orientation of the two CS tensors that make up the two-spin system. Although there is extensive overlap of the four dipolar subspectra in 1, we found that at almost all orientations of rpp in the applied magnetic field, Bo, the AX approximation is valid. For example, if the magnetic field lies perpendicular to the molecular mirror plane, an orientation in which S,, of P1 and S,, of P2 are coincident, the chemical shift difference is about 100 ppm (ca. 8100 Hz at Bo = 4.70 T). This is much greater than the dipolar coupling at this orientation, 800 Hz. A similar discussion also applies for the two orthogonal orientations. Extensive computer calculations of the ratio, R/[v(Pl) -v(P2)], as a function of orientation indicate that this ratio is less than 0.1 except when the polar angle is approximately 50" and the azimuthal angles are 50"-60" and 300"-310". The actual contributions that these latter orientations make to the overall line shape are negligible.
We have ruled out the possible orientations of S3, where two 8's have different signs, since it results in a similar, though inferior, fit. An alternative assignment occurs if both CS tensors are rotated simultaneously by 180" about the dipolar vector, giving two negative 8's. Although this gives an identical powder line shape, it will be argued below that the assignment shown in Fig. 3 is more reasonable.
The CS tensor of P1 shows near-axial symmetry (S,, = S2,), although there is no apparent local symmetry in the Can. J. Chem. Downloaded from www.nrcresearchpress.com by Queens University on 11/07/15
For personal use only. molecular structure that would imply axial symmetry in the CS tensor. Since we have determined that 6 , , of P1 is perpendicular to the molecular mirror plane, it is also perpendicular to the electron lone pair at P I . If we place S,, of P1 10" away from the dipolar vector in the opposite direction to that shown in Fig. 3 (i. e., 0 = -lo0), the direction of SZ2 would lie nearly along the electron lone pair. Since it is unlikely that the chemical shielding would be the same along the lone pair (S22 component) as in the direction perpendicular to the lone pair (6,, component) , this alternative assignment is discounted.
The results in Table 2 indicate that the 3 '~ shielding anisotropy of P2, AS = 244 ppm, is much larger than the values reported in two related compounds containing a phosphorus-phosphorus single bond (8, 9) and by a theoretical calculation on P2H, (28) . The "P chemical shielding anisotropy in tetraphenyldiphosp!ine was also found to be relatively small (AS = 46 ppm).-Another class of related compounds containing P ( U ) atoms are phosphines. Still, A6 of P2 in 1 appears noticeably large compared with most of the reported values for the phosphines (ca. AS = 6-85 ppm) (29) . Additionally, the isotropic chemical shift of P2 in compound 1 is at a much lower field than the abovementioned phospines and diphosphines. Although a large A6 has been reported in a strained phosphirane (30) , the shielding anisotropy at P2 shows an opposite trend and our data also deviate from the straight line in ref. 30 . The large shielding anisotropy, AS, and large isotropic shift at P2 in 1 result primarily from the significant deshielding in the 6 , , direction, which is approximately perpendicular to the C-P-C plane. Probably, the unusual cis conformation of the adjacent electron lone pairs in 1 is responsible for the relatively large chemical shift anisotropy at P2. However, given the complicated nature of the anisotropic chemical shift and lack of reliable theoretical calculations, "P chemical shielding tensors are far from being fully understood.
The "P CS tensors of several inorganic phosphorus-sulphur systems were investigated recently by high-resolution solid state NMR (31) (32) (33) (34) (35) . In these systems, AS of the PS,,? unit varies from 110 to 340 ppm. An attempt has been made to correlate the "P chemical shift anisotropy with the distortion from local C,, symmetry (33). However, using additional data from a more recent study (34) , the previous simple correlation was found to be invalid (35) . With P1 bonded to two sulphur atoms and one phosphorus atom, its chemical shift anisotropy, AS = 154 ppm, is smaller than the value, AS = 257 ppm, found for the apical 3 1~ in P4S3, 2; the two P-S bonds in 1 are much longer than the P-S bonds in P,S,.
It would be more informative if we were able to compare the orientation of the 3 '~ CS tensor in 1 with related compounds containing P-S single bonds. Unfortunately, only in PAS3 have the orientations of the CS tensor been determined by a single crystal study (36) . In this case the least shielded component of the apical "P and the most shielded component of the basal "P are nearly parallel to the C, axis of the molecule. In the other systems, local symmetry was used to tentatively assign the unique axis in the CS tensors. Comparison of the principal values and their orientations of the ,'P CS tensor between the apical phosphorus atom in P,S, 2~. WU, R. D. Curtis, and R. E. Wasylishen. Unpublished re sults. and P1 in 1 reveals significant difference between these two "P CS tensors, although the difference in their isotropic chemical shift is relatively small. The unique component in the apical phosphorus atom in P,S, corresponds to the least shielded direction while it is the most shielded in 1. We are not in a position to give a complete explanation of the "P shielding anisotropies measured in this study, because of the limited data available and their complexity.
Conclusions
We have demonstrated that "P dipolar NMR spectroscopy is an invaluable alternative to single crystal NMR in providing a full characterization of the "P chemical shielding tensor in 1. It is advantageous to combine the MAS experiment with the static (non-spinning) experiment in dealing with a dipolar coupled homonuclear "P spin pair, especially when there is J coupling between the two nuclei. This is because ( a ) resolved J-coupled sideband patterns in the MAS spectrum make it possible to separate different dipolar subspectra and to provide a good starting point for interpreting the static powder line shape, and (0) the static powder line shape contains all the information on the dipolar interaction and the shielding tensors, and thus serves as a test for the AX approximation that is usually used for analyzing the dipolar subspectra in the MAS experiment.
The CS tensor at P1 in 1 is nearly axially symmetric with the most shielded component 6,, as the unique direction. Significant deshielding is observed at P2 along the 6 , , direction, which describes a direction perpendicular to the C-P-C plane. This deshielding effect results in a large anisotropy at P2, AS = 244 ppm, compared with related compounds. The shielding anisotropy at P1 is 154 ppm and falls in the normal range reported for related compounds containing the P-S single bonds, Clearly, a complete understanding of the "P chemical shielding anisotropy still needs far more work from both experimentalists and theoreticians.
